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The growth and sintering of Pd nanoparticles ona-Al2O3s0001d have been studied by noncontact
atomic force microscopy sNC-AFMd, low-energy ion scattering spectroscopysLEISd,
temperature-programmed desorptionsTPDd and x-ray photoelectron spectroscopysXPSd. This is the
first study of metal nanoparticles on a well-defined oxide surface where both NC-AFM and LEIS are
used for characterization. These prove to be a powerful combination in assessing particle
dimensions. The clean alumina surface showed atomically flat, 200–700 nm wide terraces. The
sharp step edges are straightswithin our resolutiond for lengths of.300 nm and have heights in
multiples of 0.2 nm. The Pd grows initially as two-dimensionals2Dd islands at 300 K, with the
transition to 3D particle growth at 0.25 MLsML5monolayersd. Upon heating at 1 K/s, the Pd starts
to sinter below 400 K, and sinters at a nearly constant rate with increasing temperature, covering
,50% less of the alumina surface by,1000 K, with a doubling in particle diameter and an
eightfold decrease in particle number density. By,1000 K, the number density was,9
31011/cm2 for 0.8 ML of Pd, with an average diameter of 5 nm and an average thickness of 1
nm. © 2005 American Institute of Physics. fDOI: 10.1063/1.1849151g

I. INTRODUCTION

Many catalysts for energy and/or environmental technol-
ogy consist of transition metal nanoparticles immobilized on
oxide supports. The activity and selectivity of these catalysts
depend on metal particle size, and the increase in average
particle size with timesi.e., sinteringd is a major industrial
problem. To fundamentally understand these phenomena,
many researchers have adopted a model catalyst approach
whereby metal nanoparticles are supported on a single-
crystalline oxide surface. This allows for easier measurement
and control of the cleanliness, size, number density, and
shape of the particles. Often, the oxide is in the form of an
ultrathin film grown on a metallic crystal, which allows scan-
ning tunneling microscopysSTMd to be used to characterize
the nanoparticles, even with insulating oxides. However, it is
often found that the supported metal diffuses through the
oxide and reacts with the underlying metallic crystal, which
complicates sintering and reactivity studies. In these cases, it
is preferable to use a bulk single crystal of the oxide for these
model catalysts, which however precludes use of STM if the
oxide is an insulator, as is alumina. Thus, one is forced to use
atomic force microscopysAFMd instead of STM, resulting in
limitations of spatial resolution. Few AFM studies of clean
metal nanoparticles on single-crystalline, insulator oxide sur-

faces have been reported. To our knowledge, there have been
no previous studies of this type in which the surface structure
was also characterized with a technique such as low-energy
ion scattering spectroscopysLEISd which probes only the
topmost atomic layer of the solid. Here, we apply NC-AFM
sNC—noncontactd and LEIS to study the growth and sinter-
ing of Pd nanoparticles ona-Al2O3s0001d, and prove this to
be a very powerful combination for such studies. Structural
information from LEIS helps to overcome problems in mea-
suring small particle sizes inherent to NC-AFM.

Palladium nanoclusters supported on alumina are cata-
lysts for cleaner methane combustion, an industrially impor-
tant reaction that reduces NOx emissions. These catalysts
thus have been the subject of much study from both a prac-
tical and fundamental point of view.1–10 This catalyst would
find much broader application if its long-term deactivation
by sintering could be prevented. Fundamental studies of its
sintering kinetics may yield ideas on how to prevent or slow
the sintering of this and other oxide-supported metal nano-
particle catalysts. Also, a more complete understanding of
the sintering kinetics may lead to better short-term screening
tests for predicting the long-term stability of new catalysts,
and thus accelerate their development.

In this paper, we present results of growth and sintering
studies of Pd clusters ona-alumina, using temperature-
programmed low-energy ion scatteringsTP-LEISd and NC-
AFM. TP-LEIS samples only the top layer of the surface and
is an ideal technique for determining the percentage of oxide
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surface covered by the metal. NC-AFM yields topography
information about the sample surface, providing local cluster
size and number density data. Ultimately we plan to simulate
the sintering kinetics measured here with a new general
model for sintering kinetics presented previously,11 to test the
validity of that new model.

There have been beautiful STM studies of Pd particles
on highly ordered thin films of Al2O3 grown on NiAls110d
which provided superb measurements of particle size distri-
butions and number densities, even achieving atomic resolu-
tion on the particles.12 However, these thin-film samples are
unsuitable for sintering studies since the Pd atoms not only
sinter, but also diffuse at a comparable or even faster rate
through the oxide thin film and bind to the underlying
NiAl. 13 Therefore, we have chosen to use thes0001d surface
of bulk a-Al2O3 for this study. The insulating properties
force use of an alternative microscopy that does not require a
conducting sample, such as AFM. We operate the AFM in
noncontact modesfrequency modulation14d since it is ex-
pected that in contact mode the AFM tip will move the Pd
particles, as has been observed in STM experiments of Pd
particles on graphite.15

Alumina is a common support for metal catalysts and, as
a large band-gap insulator, is an ideal sample on which to test
the capabilities of NC-AFM. Thea-Al2O3 unit cell has hex-
agonally close packed layers of oxygen anions, with two
layers of aluminum cations between each oxygen layer along
the f0001g direction. Thea-Al2O3s0001d surface is termi-
nated by a single aluminum layershalf of the Al bilayerd, but
the terminating aluminum layer relaxes to be nearly coplanar
with the underlying oxygen layer.16,17 The surface structure
has been studied with high-resolution transmission electron
microscopy,18 reflection electron microscopy,19 and low-
energy electron diffractionsLEEDd.17,20–22

Previous AFM studies of thea-alumina surface have
shown that terrace size and step edge smoothness are af-
fected by annealing at high temperatures in air.23–26 Air-
annealing maintains thea-Al2O3s0001d-s131d surface,
while vacuum annealing at high temperatures leads to a va-
riety of surface reconstructions, including a stablesÎ31
3Î31dR±9° reconstruction.27 These surface reconstructions
can be reversed by annealing in an oxygen background.20

Although we could routinely produce thesÎ313Î31dR±9°
reconstruction, all of the data shown in this paper are from
the s131d surface.

In addition to the AFM work mentioned above, which
showed terraces and steps of the alumina surface, atomic and
near-atomic resolution of flat, clean oxide surfaces has been
achieved by NC-AFM.28–31That work has shown atomically
spaced features, such as surface atoms or unit cells. How-
ever, relatively little work has been done using NC-AFM to
observe particles and clusters on thea-Al2O3s0001d surface.
Furthermore, to our knowledge, only one AFM study of Pd
clusters on this surface has been published,32 although there
is some AFM and transmission electron microscopy work on
metals on MgOs100d.33–36 Other groups have used STM to
study sintering of metal clusters on semiconducting oxides

such as TiO2s110d and ZnO.37,38 Here, we have used NC-
AFM to image Pd clusters sintered to different temperatures
on thea-Al2O3s0001d surface.

Previous studies of Pd vapor deposition on alumina re-
ported layer-by-layer growth using Auger electron
spectroscopy39 or three-dimensionals3Dd island growth us-
ing secondary ion mass spectrometry,40 x-ray photoelectron
spectroscopysXPSd,41 and NC-AFM.32

II. EXPERIMENT

LEIS and AFM experiments were done in two different
ultrahigh vacuumsUHVd chambers, both with base pressures
in the low 10−10 Torr range. For both types of experiments,
single crystala-Al2O3s0001d samples were obtained from
SCI Engineered Materials, Inc. and Alfa Aesar. These were
rinsed with methanol, then annealed in airsin a clean, closed
alumina crucibled at 1670 K for 15–24 h. After annealing, the
crystals were cleaned ultrasonically for 10 min several times
in mild detergent, then in nanopure water, then in acetone,
and finally in methanol.

The AFM experiments were done in an Omicron multi-
probe surface science systemsOmicron Nanotechnology
GmbHd equipped with a variable temperature noncontact
atomic force microscope. The AFM chamber is connected to
a preparation chamber equipped with a Pd doser, an oxygen
leak valve for annealing in O2, and a water-cooled quartz
crystal microbalancesQCMd. The AFM chamber is also con-
nected to an analysis chamber with XPS and LEED capabili-
ties. For the NC-AFM experiments, sample heating to 1300
K was accomplished by resistive heating of a Ti/Pt film de-
posited on the back of the sample. Following the air anneal
and ultrasonic cleaning, the crystals were coated on one side
with 30 nm Tisas an adhesion layerd and 120 nm Pt. Samples
were cut by a diamond scribe and ground with a diamond
grinding wheel to fit the Omicron AFM sample holder, then
cleaned again ultrasonically in the solvents mentioned previ-
ously. Samples were cleanedin situ by annealing at 1000–
1270 K in 5310−7 Torr of O2. Surfaces were cleaned until
the XPS C 1s peak was below detection limits and NC-AFM
showed atomically smooth, clean terraces. The analysis
chamber is also equipped for Ar+ sputtering. While sputtered
and annealed surfaces showed a good LEED pattern, they
had a higher density of steps with ragged edges and craters
within the terraces, which made distinguishing particle struc-
ture from step structure difficult in AFM. Therefore, for each
Pd dose reported here by AFM, a new alumina crystal was
transferred into the chamber and prepared as above without
any Ar+ sputtering.

AFM images were recorded in UHV using the frequency
modulation snoncontactd technique. The silicon AFM tips
from Nanosensors™ are specified to have an end radius be-
low 10 nm and are part of cantilevers with spring constants
of about 42 N/m. The cantilevers have resonant frequencies
in the range of 300–330 kHz and were operated at frequency
shifts in the range2100–250 Hz to obtain the images in this
paper. Resonant frequency is measured by a beam deflection
technique and although no direct measure of oscillation am-
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plitude was made, we have calculated it to be about 10 nm.
All NC-AFM images were taken at room temperature.

As alumina is a good electrical insulator, local surface
charging can lead to poor image quality in NC-AFM due to
long-range electrostatic forces between the tip and the
sample. Compensation for these forces can be achieved by
applying a bias between the AFM tip and the metal film on
the back of the sample as has been similarly done for other
insulating samples.42 However, if the surface was highly
chargeds.6 V compensating voltage neededd, applying a
bias was less effective, and the images were generally of a
lower quality. Bias voltage was chosen in the following man-
ner. The tip position was held constantsno rastering orz
feedbackd and the frequency shiftDf was monitored as the
bias on the tip, relative to the grounded metal film on the
back of the sample, was ramped from210 to 110 V. The
magnitude ofDf typically had a well-defined minimum with
respect to the applied bias. This minimum corresponds to the
bias which most effectively compensates for the long-range
electrostatic forces. This was done at different points during
scanning and the bias voltage was set at the value for best
images. However, ramping the bias in this manner some-
times made the tip unstable or changed the tip structure and
so this procedure was avoided if a tip was imaging particu-
larly well. In those cases, the ideal bias voltage for scanning
was determined by changing the bias voltage slowly during
scanning and using the value which gave the best images.
The optimum bias voltage for good imaging varied widely
from day to day with no systematic trend over the range of
voltages available in our microscopes210–110 Vd, prob-
ably due to variations in the initial charge on the sample. The
seven images shown in this paper were taken with bias volt-
ages ranging from23.9 to 19.4 V s,+2 V average and
,4 V standard deviationd.

LEIS and TP-LEIS experiments were done in a separate
chamber described in detail elsewhere,43,44 which was also
equipped for XPS, temperature-programmed desorption
sTPDd and LEED. For these experiments, the sample was
mounted in a Ta support attached to Ta wires for resistive
heating. The samples were cleaned by Ar+ sputtering s8
310−6 Torr Ar, 670 eV beam energyd between each experi-
ment, then annealed at 1000 K in 5310−5 Torr of O2 for 30
min. Surface cleanliness was verified by XPS. Sputtering
was necessary to remove Pd from the previous experiments
in this chamber, because the sample holder in this chamber
did not permit easy sample exchange as in the AFM system.
This difference in surface preparation may lead to differ-
ences in Pd growth, which we assess below.

For both NC-AFM and LEIS experiments, Pd was dosed
at room temperature from a homemade sourcesdescribed
previously45d consisting of Pd wiresAlfa Aesar, 99.997 %
pured wrapped around a resistively heated W filament. Dose
rates, measured by QCM, were,1 Å/min in the LEIS ex-
periments and,0.4 Å/min for the NC-AFM experiments.
Coverages of PduQCM, were determined from this dose rate,
and are reported in monolayerssML d. One ML is defined as
the Pds111d packing density, 1.531015 atoms/cm2, which at
palladium’s bulk packing density corresponds to a ML thick-
ness of 0.22 nm. For sintering studies by AFM, the Pd-

covered surface was annealed at a given temperature for
,1 min, then allowed to cool to room temperature before
imaging. TP-LEIS experiments used a heat ramp of 1 K/s.
All LEIS was done using a defocused 500 eV He+ ion beam
at a He pressure of 5310−8 Torr in the UHV chamber,
which gave an ion current to the sample of about 0.1µA.
This led to drastic sample charging which seriously distorted
the LEIS spectrum. The charging was effectively compen-
sated to yield an excellent LEIS spectrum by using a defo-
cused, 100 eV electron beam operated at a current to give
zero net current to the sample.

III. RESULTS / DISCUSSION

A. Clean a-Al2O3„0001… surface

The cleaning and preparation procedure described above
gives a clean and well-ordereds131d surface according to
LEED, XPS, LEIS, and TPD. Figure 1 is a NC-AFM image
of the clean alumina surface, showing atomically flat terraces
250–300 nm wide with step heights of 0.4 nm. Typically,
samples prepared in this way have terraces 200–700 nm
wide, and sharp step edges with heights in multiples of 0.2
nm. The most common step height we observed by NC-AFM
was double step heightss0.4 nmd, although we also observed
0.2 nm and 0.6 nm step heights. These step edges appear
straight swithin our resolutiond typically for lengths of
.300 nm. Earlier experimental work reported step heights
of 0.22 nmsRef. 24d and 0.2 nmsRefs. 25, 30, and 32d as
well as step bunching which produced steps in heights of
multiples of 0.2 nm.24,26,46 The aluminas0001d surface is
terminated by a layer of Al atoms, i.e., half of the Al atom
bilayer. The periodicity of Al bilayers along thef0001g di-
rection is 0.21 nm, which is one sixth of the unit cell. It has
been proposed that the step heights measured by AFM reflect
this spacing.32,47The step bunching which produces multiple

FIG. 1. 150031120 nm2 s3.0 nmz ranged NC-AFM image of clean, unre-
constructeda-Al2O3s0001d surface. Line profile shown in lower panel is
along the white line in the upper panel. The terraces are 250–300 nm wide
and the steps are 0.4 nm high. Verticalz height represented by gray scale as
indicated in the bar at leftssame range as in profiled; lighter shading repre-
sents high regions of the surface and darker shading corresponds to lower
regions. Image has been smoothed using a 2D Gaussian filter with standard
deviation 3.8 nm.sScan conditions:Df =−60 Hz, f0=318 kHzd.
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layer step heights occur during the air anneal when heated
above 1300 K.24,26 It has been reported that shorter or lower
temperature air anneals give smaller terraces with more
single step heights and fewer multiple step heights24 and we
have found this to be true. For crystals which had a shorter
anneal in the furnace than the others, we saw smaller ter-
races, 100–200 nm wide, with the majority of steps with 0.2
nm height. These surfaces also had more uneven step edges.
Terraces of the clean alumina surface are flatsroughness less
than peak-to-peak noise of 0.12 nmd, but no atomic structure
could be resolved, even though the typical rms average noise
was less than 0.030 nm.

B. LEIS of the growth of Pd particles during Pd vapor
deposition

We have monitored the growth of Pd on Al2O3s0001d by
LEIS. Since LEIS is sensitive to only the top layer of the
surface, we assume that the intensity of the Pd LEIS peak is
proportional to the fraction of the alumina surface covered
by Pd particles. In general, this has been a good assumption
for other late transition metals on oxides such as ZnO, MgO,
and TiO2 whenever the metals cluster into islands.45,48,49

Figure 2 shows the fraction of the oxide surface area
covered by Pd, as measured by LEIS, vs Pd doseuQCM. This
fractional coverage of the oxide by PdfPd, is simply the
integrated intensity of the Pd LEIS peaksbackground cor-
rectedd, normalized to that for a large dose that saturates this
signals.4 MLd. sHere we also have corrected the LEIS sig-
nals obtained after dosing Pd at 300 K for an artifact due to
adsorbed impurity CO and H by extrapolating the TP-LEIS
signal after that Pd dose back down to 300 K, as described
below when discussing Fig. 3.d The behavior of the Pd signal
expected for layer-by-layer growth is represented in this fig-
ure by the solid black line with unit slope up to a Pd dose of
1 ML. The measured Pd signal initially follows this curve up
to ,0.25 ML, after which it falls quickly below it. We inter-
pret this as indicating that the Pd grows as 2D islandss1

atomic layer thickd up to a coverage of,0.25 ML, after
which they thicken and thus continue growing as 3D par-
ticles.

The dashed line in Fig. 2 represents a simplified 3D
growth model. Here we have fit the data to the functionf
=a u2/3sa=0.45d in the coverage range 0.09–2 ML, which
would occur if the particles kept the same 3D shapese.g.,
hemispheresd and number density.sNote that this model is
physically impossible below 0.09 ML, where it would pre-
dict islands less than one atom thick, i.e.,f .ud This model
underestimatesfPd below 1 ML, and overestimates it above 2
ML, proving that the islands change shape with coverage,
evolving from small thickness-to-width ratios to larger. The
inset of Fig. 2 shows the coverage range 0–1.0 ML in ex-
panded scale. In the range 0.1–0.25 ML, the LEIS data
points are fitted better by the 2D model than the 3D model.
The average relative magnitude of the deviationssi.e., the
rms relative errord of the data from the model is 75% larger
for the 3D fit compared to the 2D fit, where the rms error is
only 19% and indistinguishable from the data scatter. Again,
this indicates that the Pd grows as 2D islandss1 atomic layer
thickd up to a coverage of,0.25 ML. Note that the average
island thickness in the 3D model increases between 0.1 and
0.25 ML from 1.0 to only 1.4 atomic layers, so this model is
physically very similar to the 2D model in this coverage
range, setting an upper bound on its error relative to that of
the 2D model.

Cordatos et al., using Auger electron spectroscopy
sAESd, have suggested layer-by-layer growth of Pd on this
surface up to several monolayers.39 Gillet et al., using sec-
ondary ion mass spectrometry in static mode, have shown
3D clustering of Pd on the stoichiometric alumina surface

FIG. 2. Dots: The Pd LEIS intensity, extrapolated to 300 K from TP-LEIS
datassee Fig. 3d, vs Pd coverage dosed to the oxide surface at 300 K. Since
the Pd LEIS intensity here is normalized to that of a continuous Pd film, it
equals the fraction of the oxide area covered by Pd,fPd. Solid line: Result
expected for layer-by-layer growth of Pd. Dashed line: best fit off =au2/3

sgrowth of 3D particles of a fixed shape;a=0.45d to the data points in the
coverage range 0–2.0 ML. The inset shows the coverage range 0–1.0 ML
expanded in scale. The data show that Pd grows as 2D islands up to a
coverage of,0.25 ML, after which it grows as 3D particles.

FIG. 3. sad TPD s3.3 K/sd after dosing 1.0 ML Pd ona-Al2O3s0001d. Peaks
were seen at 370 and 520 K, attributed to H2 sm/e=2d and COsm/e=28d,
respectively, from H and CO adsorbed on the surface from the chamber
background gassmainly due to outgassing from the electron flood gun used
for charge neutralization during TP-LEISd. sbd TP-LEIS s1 K/sd of different
Pd coverages ona-Al2O3s0001d. When H2 and CO desorb from the Pdsas
shown in top figured at 350 and 490 K, the Pd LEIS signal grows.fA minor
temperature decrease in desorption peak temperature arises from a decrease
in heating ratesRef. 51dg. The Pd signal decreases between the two desorp-
tion peaks with nearly the same slope as at higher temperature, and suggests
that sintering is fast below 400 K and is significant at room temperature.
Dashed line shows estimated TP-LEIS signal that would be seen if no H2

and CO impurity were present.
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above,0.4 ML and 2D clusters on the reduced surface.40

Ricci et al. interpreted electron energy loss spectroscopy data
as indicating 3D growth on stoichiometric alumina for all Pd
coverages in their study, 0.23–1.8 ML.50 Panget al., using
NC-AFM, showed 3D clustering of Pd.32 However, they
could not image submonolayer coverages of Pd, so could not
predict what the initial growth mode is. Our data show 2D
island growth with the 2D to 3D island transition at
,0.25 ML. We note that the report of layer-by-layer growth
used AES, the least surface-sensitive technique of those in
these prior studies, so the fact that it missed these rather thin
islands is understandable.

Our LEIS data directly provide the average Pd thickness
within the Pd islandstLEIS, given by the ratio of the Pd cov-
erage divided by the Pd area fraction from LEIS:
tLEIS=uQCM/ fPd. Note thattLEIS is the thickness the Pd would
be if all islands were flat and of the same, uniform thickness.
At ,1.2 ML Pd dose, for example, the surface is 50% cov-
ered by PdsFig. 2d, giving an average particle thickness of
2.4 ML, or tLEIS=0.53 nm. At 4 ML, the islands have grown
enough laterally to cover all of the alumina surface. Values
of tLEIS are listed in Table I for several Pd coverages and
annealing conditionsscorresponding to AFM experiments
described belowd.

C. TP-LEIS of the sintering of Pd particles upon
heating

We also monitored the sintering of the Pd particles as a
function of temperature using TP-LEIS. In TP-LEIS, the Pd

LEIS peak’s maximum intensity is monitored as the tempera-
ture is ramped at fixed rates1 K/sd. As the Pd particles sinter
into larger clusters, they cover less of the surface and the
LEIS Pd peak intensity decreases. Figure 3sbd shows TP-
LEIS sintering curves for several Pd coverages. In general,
the Pd signal decreases as temperature increases at all start-
ing coverages.

The transient increases in the Pd TP-LEIS signal atT
=350 and 490 K seen in all curves arise from recovery of the
Pd signal as H2 and CO desorb, as can be seen by compari-
son to the TPD spectra in Fig. 3sad. That is, immediately
after dosing Pd at 300 K, some of the Pd LEIS intensity is
masked by CO and H impurity adsorbed on the Pd islands
from the background CO and H2 in the chamber. The Pd
signal recovers at 350 K and 490 K simultaneous with the
desorption of H2 and CO, respectively, as observed by TPD.
sA minor temperature decrease in desorption peak tempera-
ture arises from a decrease in heating rate.51d The observed
decrease in Pd TP-LEIS intensity between the CO and H2

desorption temperatures, and even at temperatures below the
H2 desorption peak, suggests that sintering starts at tempera-
tures below 400 K, and that there is significant sintering even
at room temperature.

As noted above, we corrected the LEIS signal in Fig. 2
obtained after each Pd dose at 300 K for its decrease induced
by these adsorbed impuritiessCO and Hd. To determine what
the LEIS signal would be for the clean, unsintered Pd islands
at room temperature in the absence of this CO and H impu-
rity, we used TP-LEIS data like in Fig. 3sbd, and assumed a
constant slope of the corrected TP-LEIS signal equal to its

TABLE I. Summary of Pd particle average thickness, diameter, and number density for several Pd coverages
and anneal temperatures. ThicknesstLEIS was derived from LEIS data for particle preparation conditions similar
to those of the AFM images presented in this paperssee references in third columnd. Average apparent diameter
measured by AFM,dAFM, as well as particle number density from AFM,NAFM, are presented. The apparent Pd
coverageuAFM/LEIS is calculated fromtLEIS, dAFM, and NAFM, and the particle diameter estimatedLEIS/AFM is
made fromuQCM, tLEIS, andNAFM, as described in the text.

uQCM

sML d
Tanneal

sKd Figure
tLEIS

snmd
dAFM

a

snmd
NAFM

b

s1011cm−2d
uAFM/LEIS

c

sML d
dLEIS/AFM

d

snmd

0.4 920 6sad 0.60 7.4±1.7 8.0±0.3 0.94 4.8
0.8 300 4sbd 0.42 4.8±1.1e 22±10 0.76 4.9
0.8 680 4scd 0.64 5.8±1.8e 18±6 1.4 4.4
0.8 930 6sbd 0.92 11.4±3.2 5.6±1.3 2.4 6.6
0.8 1000 4sdd 1.0 7.7±2.8e 11±2 2.4 4.5
0.8 930,

1000
6sbd and 4sddf 0.97 9.6±3.5 8.8±3.3 2.8 5.1

2.0 750 g 1.0 7.8±1.6 19±1 4.2 5.4
2.0 1060 g 1.6 11.6±2.9 5.4±2.8 4.1 8.1

aDiameters of particles measured by line profile of AFM images. Many particlesfsee footnoteeg were chosen at
random from the image for measurement; average diameter and standard deviation of that set are shown.
Standard deviation represents statistical error not systematic measurement error.
bAverage and standard deviation of number densities from several consecutive AFM images recorded at differ-
ent areas of the same sample.
cCoverage from AFM/LEIS calculated by assuming circular particles with diameter and number density mea-
sured by AFM and average thickness from LEIS.
dDiameter of particles assuming circular geometry, number density as measured by AFM, and average particle
thickness measured by LEIS.
eThese values ofdAFM represent averages over 60 particles selected at random from the indicated figures. Other
rows are averages of 30 particles.
fThicknesstLEIS, diameterdAFM, and number densityNAFM in this row are averages of previous two rows which
have similar preparation conditionss0.8 ML annealed to,1000 Kd.
gAFM images for 2.0 ML not shown as figures in this paper.
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slope in the long linear region justafter CO desorptionsi.e.,
from 550 to 750 Kd. Note that the slope between the H2 and
CO desorption peakssi.e., from 380 to 460 Kd is very similar
to this slope aboveT=530K, confirming this assumption.
This slope was then linearly extrapolated back down to 300
K, as shown by the dashed line on the top TP-LEIS curve in
Fig. 3sbd. This corrected intensity was then normalized to the
corrected signal for a saturation dosesi.e., 100% coverage of
the oxided. For most of the coverages studied, the Pd clusters
cover,60% less surface area after ramping to 1000 K than
they did at 300 K; i.e., the average thickness of the Pd par-
ticles more than doubles by 1000 K. No further sintering was
observed by TP-LEIS for a Pd film that has already been
annealed to 1000 Ksnot shown hered.

From 400 K to 1000 K, the Pd LEIS signal decreases
linearly with temperature, indicating a constant sintering rate
sslope of Pd dispersion vs timed when probed at a constant
heating rate. If we assume that during TP-LEIS the particles
retain a fixed shape of either hemispheres or cylindrical disks
of fixed thickness-to-diameter ratio, and a constant total vol-
ume of Pd, then the Pd particle diameter is inversely propor-
tional to the Pd LEIS signal, and the number density of par-
ticles is proportional to the Pd LEIS signal cubed. Pd
dispersionsthe product of particle area times number den-
sityd is proportional to LEIS signal and decreases linearly

with time.11 Figure 3sbd shows that sintering causes the Pd
particles to cover,50% less of the alumina surface when
heated from,400 K to ,1000 K, which within these as-
sumptions implies that they double in average thickness and
diameter, and decrease by eightfold in number density. The
assumption of constant volume below 1000 K is justified by
the fact that Pd desorption from nanoparticles supported on a
similar oxidessilicad does not start until above 1000 K.52

D. NC-AFM of Pd growth and sintering

Although LEIS techniques have the required surface
sensitivity to measure the average Pd island thickness, they
do not provide any information on the dimension of the par-
ticles in directions parallel to the surface, or their number
density, nucleation sites, nor other local surface information.
For this, we used noncontact AFM.

It should be noted that tip convolution effects in AFM
can cause the apparent size of clusters to be distorted when
the clusters are comparable in size to or smaller than the
AFM tip s,10 nm end radiusd. The lateral dimensions of the
particles are convoluted with the size and shape of the AFM
probe tip. Long-range van der Waals forces between the tip
and the substrate lead to an underestimation of the particle
height for particles that are small relative to the size of the

FIG. 4. 1503150 nm2 s0.6 nmz ranged NC-AFM im-
ages ofsad the clean alumina surface in an area contain-
ing one step andsbd–sdd 0.8 ML Pd in areas between
step edges on the alumina surface. Pd particles shown
sbd as dosed at room temperature,scd after annealing to
680 K, andsdd after annealing to 1000 K. Before imag-
ing scd andsdd, the sample was allowed to cool to room
temperature. Heightz represented by same gray scale in
each panel. Paired with each image is a line profile
taken along the white line indicated in the image. Some
of the apparent roughness insbd and sdd is due to pix-
elation. Images have pixel sizes ofsad 0.55 nm,sbd 1.3
nm, scd 0.75 nm, andsdd 1.3 nm; each was smoothed
with a 2D Gaussian filter of standard deviation 0.63 nm.
fScan conditions:sad Df =−60 Hz, f0=319 kHz; sbd
Df =−50 Hz, f0=327 kHz; scd Df =−60 Hz, f0

=327 kHz; andsdd Df =−79 Hz, f0=327 kHzg.
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AFM end radius, as will be discussed further in a future
paper.53 Inaccuracy in height measurements by AFM has
been reported previously.32,54,55 Hence in AFM images, Pd
nanoparticles appear artificially wide and short.56

The growth and sintering of Pd particles was observed
with AFM by imaging the clean alumina surface, and then
imaging the surface after vapor deposition of Pd at room
temperature and after several annealing treatments. Figure 4
shows a representative series of NC-AFM images ofsad the
clean alumina surface,sbd after dosing 0.8 ML of Pd at room
temperature, and after annealing toscd 680 K andsdd 1000
K. Line profiles are shown for each image along the white
lines shown. Each panel in Fig. 4 shows a 150 nm
3150 nm area taken from a larger image. We note that the
images in panels 4sbd–4sdd were taken using the same
sample surfacesi.e., the same Pd dosed and the same Si AFM
tip. This set allows for a more reliable comparison of particle
size changes than one in which several AFM tips were used,
although tip changes may have occurred between images that
would distort relative comparison of particle sizes. Panelsad
shows the clean alumina surface near a step edge which is
0.4 nm high. After Pd deposition at room temperaturesbd we
observe Pd particles 4.8±1.1 nm in diametersbaseline width
average of 60 particles6 one standard deviationd and
2.8±0.10 nm tallsmaximum height of a hand-drawn curve
through the middle of the noised, with a cluster density of
2.231012 clusters/cm2 sobtained by averaging the cluster
densities counted from multiple scans of different areas of
the sampled. Particle diameters reported in this paper were
obtained from AFM line profiles through the centers of the
particles, where the width is measured just high enough on
the particle so as to be clearly discernible from the noise on
the flat substrate.sFor asymmetric particles, this was mea-
sured across the narrowest direction.d

Previous measurements of Pd island density for Pd de-
posited on a room temperature highly ordered Al2O3 thin
film grown on NiAls110d have found number densities of
,331011 cm−2 for 0.8 ML Pd coverage by spot profile
analysis SPA-LEEDfSPA—spot profile analysissRef. 12dg
and ,131012 cm−2 for 1.5 ML Pd by STM.57 The same
STM study stated that the particle volume was about 3000
atoms, which corresponds to a diameter of about 2.8 nm for
a hemispherical particle.57 Clearly, the number densities are
higher ona-Al2O3s0001d, suggesting stronger adsorption or
more defect sites.

After annealing to 680 K, the clusters have sintered and
are larger, apparently 5.8±1.8 nm wide, while the cluster
density has decreased to 1.831012 cm−2. Annealing to 1000
K, the trend continues: clusters are now apparently
7.7±2.8 nm wide, while the cluster density decreased to
1.131012 cm−2, half the cluster density of the unannealed
surface. The magnitude of decrease in number density is not
as dramatic as seen with TP-LEIS, probably due to the fact
that AFM misses the smallest particles present at room tem-
perature. Larger, fewer clusters at higher anneal temperatures
suggest particle sintering, either by Ostwald ripening,
wherein larger clusters grow at the expense of small ones, or
particle diffusion and coalescence.11

To illustrate the evolution of the particles with annealing

temperature, Fig. 5 shows a histogram of the particle diam-
eters from Fig. 4sbd–4sdd, compiled by selecting 60 particles
at random from these figures and measuring their diameters
as described above. Also shown are Gaussian functions rep-
resenting the mean and standard deviation of each set. The
distribution of particle sizes widens and shifts to larger di-
ameters with increasing temperature.

It is likely that some of the smallest particles were
missed in the cluster counting. By NC-AFM, we have ob-
served clusters down to,2.5 nm in apparent diameter, but
not smaller. At lower temperatures or lower Pd coverages,
there are a higher fraction of small particles on the surface
and so our estimates represent a lower limit of number den-
sity in those cases.

For coverages below 0.8 ML, it was difficult to image Pd
as dosed at room temperature. Usually, annealing to higher
temperatures was required before clusters on the surface
could be seen by NC-AFM. There may be several explana-
tions for this. Possibly, the Pd clusters are so mobile on the
surface that they are pushed away by the AFM tip or blurred
out by rapid atomic motion, or the Pd may be in the form of
2D islands with an apparent height less than the noise of the
scan. The few images of unannealed Pd at 300 K that re-
solved clustersfe.g., Fig. 4sbdg were taken quite a long time
after depositions.1 hd, during which sintering even at 300
K or background CO adsorption may have had an effect.
sTP-LEIS showed that sintering starts below 400 Kd.

Figure 6 shows representative images collected over
smaller areas and therefore with shorter pixel lengthf0.25
and 0.44 nm, respectively, compared to 1.3 nm in Figs. 4sbd
and 4sddg of two different Pd coverages, 0.4 and 0.8 ML,
both annealed to,925 K. The particle densities for the two
coverages are similar, 7.531011 cm−2 and 5.631011 cm−2,
respectively, but the higher Pd coverage surface has larger
clusters: apparently 11.4±3.2 nm in diameter compared to
apparently 7.4±1.7 nm in diameter for the lower Pd cover-
age surface.

Table I summarizes the average apparent diametersdAFM

and number densitiesNAFM of the Pd particles from these
AFM images. Each number density is an average of several
consecutive images at different areas on the same surface.
For a constant coverage, it is observed that particle diameter
increases and number density decreases with increasing an-

FIG. 5. Histogram of apparent Pd particle diameters for 0.8 ML Pd at room
temperaturesempty barsd and after annealing to 680 Kslined barsd and 1000
K ssolid barsd. These data were compiled from the images shown in Figs.
4sbd–4sdd, respectively. The three data sets were taken on consecutive days
using the same Si AFM tip on the same sample. The mean and standard
deviation of each setssee Table Id were used to calculate the position and
width of the three Gaussian curves shown as dashed lines.
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neal temperature. Comparing different coverages for the
same anneal temperatures,715 K, ,925 K, and,1030 K;
all 635 Kd shows an increase in particle diameter and de-
crease in number density with increasing coverage.

Using the AFM data in Table I together with the LEIS
measurements of average particle thickness discussed earlier,
we can draw a number of conclusions about the systematic
errors in measuring particle sizes with NC-AFM, and deter-
mine better estimates of the true particle dimensions. From
fPd, given by the LEIS and TP-LEIS experiments for any
given Pd coverage and anneal temperature, we can calculate
the average Pd thickness within the Pd islandstLEIS as de-
scribed above:tLEIS=uQCM/ fPd. The values oftLEIS are given
in Table I. Even thoughtLEIS represents the Pd thickness
averaged over the Pd particle areas, it is consistently nearly
twice the maximum height seen by AFM line profiles.56 This
large decrease in apparent thickness is consistent with the
difficulty of seeing 2D Pd islands with AFM.

Using tLEIS together with the average particle diameter
dAFM and cluster densityNAFM measured by AFM, we can
calculate an apparent Pd coverage, assuming the particles
have a circular footprint of diameterdAFM. These coverages
are listed asuAFM/LEIS in Table I. They are consistently larger
than the true coverageuQCM, which is consistent with the
footprint of the particles as seen by AFM being somewhat
larger than reality, due to the tip convolution effects men-
tioned above.

Using the AFM cluster densityNAFM, and assuming the
Pd islands have a circular footprint and have an area-
averaged thickness equal totLEIS, we can calculate the aver-
age cluster diameterdLEIS/AFM, required to reproduce the
known Pd coverageuQCM. These values, listed in Table I, are
uniformly smaller than the apparent AFM diameters, due to
tip convolution. Assuming that AFM sees all the particles,
this calculation ofdLEIS/AFM is a much more accurate esti-
mate of particle size than AFM-measured particle diameters
because it has been calculated using number density from
AFM and average island thickness from LEIS, thus avoiding
tip convolution artifacts. However, not all the particles are
seen when not annealed, causingdLEIS/AFM to be overesti-
mated at 300 Kssee Table Id. TrustingdLEIS/AFM at 1000 K,

and the TP-LEIS estimate that the average particle diameter
increases twofold from 400 to 1000 Ksfor all coverages
studiedd, we estimate thatdLEIS/AFM should really be
,2.5 nm at 300–400 K for 0.8 ML Pd.

Because the alumina surfaces were sputtered and an-
nealed before all LEIS and TP-LEIS experiments discussed
here, whereas new, unsputtered samples were used for all the
AFM experiments discussed here, there may be some differ-
ences in the behavior of the Pd film on the two surfaces. One
effect of sputtering may be more nucleation sites for the Pd
clusters, which would result in higher cluster densities in the
TP-LEIS experiments than in the AFM experiments. This, in
turn, may mean that 3D growth starts at higher Pd coverages
on the sputtered surface. The 2D to 3D growth transition,
shown in Fig. 2 to occur at 0.25 ML of Pd, may happen at a
lower coverage on the unsputtered surfaces of the AFM ex-
periments and clusters on these surfaces would be, on aver-
age, larger than predicted by LEIS.

To test the effect of this sputtering used in preparing the
LEIS surfaces, we measured the ratio of the areas of the
Pds3d3/2d peak to the Als2pd peak in XPS for nine coverages
between 0.1 and 1.0 ML of Pd at 300 K for surfaces prepared
in both ways. In this coverage range, this XPS ratio in-
creased linearly with Pd coverage on both types of surfaces.
The value of this XPS ratio divided by the Pd coverage was
3.6% larger, on average, for surfaces prepared using sputter-
ing. This difference is so small that it suggests that the dif-
ferences in particles size and number density were probably
not very significant. Assuming hemispherical particles and
the AFM result for the number density of particles of 2
31012 cm−2 for the unsputtered samples, this Pd XPS signal
difference would correspond to an average particle radius
that was between 9% and 20% smaller on the sputtered sur-
face in this coverage range, and a number density of particles
that was between 37% and 100% higher on the sputtered
surfaces. We made this estimate using the analytical formula
for XPS sor AESd signals from hemispherical particles de-
rived by Dieboldet al.,58 and assuming a mean free path of
1.7 nm for the Pd photoelectrons at 913.4 eV kinetic energy
and 2.2 nm for the Al photoelectrons at 1178.9 eV, based on
values tabulated by Tanumaet al.59

FIG. 6. 1003100 nm2 s0.8 nmz ranged NC-AFM im-
ages ofsad 0.4 ML andsbd 0.8 ML of Pd, dosed at 300
K and annealed briefly to 920 and 930 K, respectively.
Line profiles along the white lines are shown below
each image. The islands on the higher coverage surface
are larger than those of the lower coverage, while the
total particle density is similar at these two coverages,
7.531011 cm−2 in sad and 5.631011 cm−2 in sbd. Im-
ages have pixel sizes ofsad 0.25 nm andsbd 0.44 nm;
each was smoothed with a 2D Gaussian filter of stan-
dard deviation 0.37 nm.fScan conditions:sad Df =
−87 Hz, f0=307 kHz and sbd Df =−84 Hz, f0

=305 kHzg.
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IV. CONCLUSION

The combination of LEIS with NC-AFM provides a
powerful approach to study the growth and sintering of Pd
particles ona-Al2O3s0001d, and presumably other metal
nanoparticles on other insulating substrates. Annealing the
clean alumina crystals to 1670 K in air resulted in a surface
with flat terraces and smooth step edges of heights in mul-
tiples of 0.2 nm. TP-LEIS showed 3D cluster growth for Pd
dosed at room temperature, with the 2D to 3D island transi-
tion at ,0.25 ML coverage. TP-LEIS monitoring of the
change in Pd surface area with temperature showed that sin-
tering starts below 400 K, and proceeds at a constant rate
from ,400 K to 1000 K, when the surface is heated at a
constant rate. By 1000 K, the Pd clusters cover,50% less of
the surface. NC-AFM showed fewer, larger clusters after
heating from 300 to 1000 K, and provides estimates of the
number density of clusters. For the same anneal temperature,
particle diameter increases and number density decreases
with increasing coverage above 0.4 ML. Comparing AFM
with LEIS proves that particles less than 3 nm in diameter
are easily missed in NC-AFM, which also slightly overesti-
mates particle diameter.
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